Introduction
The displacement or deferral of conventional ,AC transmission line installation is a key benefit associated with several technologies that are being developed with the support of the U.S. Department of Energy's Office of Energy Management (OEM). This includes HTS fault current limiters, batteries, SMES, and real-time system control, as well as HTS cable, HVDC, and high-phase-order transmission. In general, the value of displacement or deferral depends on the quantity of conventional AC transmission line affected, its unit capital cost, and the period of deferral.
This study addresses the unit capital cost of conventional AC transmission lime. The preparation of Quality Metrics for OEM planning units identified a factor of five difference in the average cost per mile assumed for conventional AC transmission line. The unit cost of conventional AC transmission line does vary by a factor of 10 or more depending on the voltage leveI, conductor size, and many other design conditions. Therefore, all of the variation noted while preparing Quality Metrics could potentially be explained by different assumptions regarding the design conditions. Still, a factor of five difference across technology applications seem rather large when viewed from a national average perspective.
In response to this issue, the Pacific Northwest Laboratory (PNL,),(*) through its Ma&gt?ment Analysis Program (MAP), conducted an idves'tigation of transmission line cost data for OEM. The objective of this study was to develop a database for preparing preliminary estimates 'of transmission line costs based on the key design variables affecting cost. The database would provide a consistent set of cost assumptions for OEM, and other utility programs, that are applicable when conducting evaluations from a national or sitegeneric perspective. Care should be taken in applying the data in this report for site-specific analyses. In particular, land and environmental costs are highly variable and need to be carefully evaluated in any sitespecific study.
The balance of this report is divided into five sections that describe the sources of data, development of a composite database, comparison of data sources, calculation of average costs per mile, and conclusions and recommendations. Raw data are presented in Appendix A. The composite database recommended for preliminary estimating of conventional AC transmission line costs is presented in Appendix B. Adjusted FERC data used for comparison with the composite data are presented in Appendix C. 
Data Sources
An extensive search of secondary information sources was conducted to determine if transmission line cost data already existed in a form useful to this study. While quite a few articles relevant to transmission line costs were identified, the scope of the articles or their arientation was not useful for this endeavor. Many articles dealt with site-specific costs or with the theoretical aspects of cost prediction or cost modeling.
In addition to the database searches, the following organizations were contacted to identify transmission line cost data: Most of these organizations either did not collect the type of information sought, had site-specific data only, or only had data on transmission line component costs (e.g., conductor costs, cross-arm costs, etc.) as opposed to total transmission line costs based on actual design configurations.
Both BPA and WAPA have extensive transmission line cost data based on their historical construction experience (BPA 1993; WAPA 1994) . Each organization has maintained their respective database for a number of years, incorporating annual updates based on data from new installations, new vendor prices, and adjustments to account for inflation. These data are employed by BPA and WAPA to establish preliminary cost estimates for planned transmission line installations.
The WAkA data set contains cost estimates based on conductor size, voltage level, tower material type, tower frame type, and number of circuits. For combinations of these parameters that are actually used, average per-mile cost estimates are given. This data set is presented in Appendix A. The BPA data set contains the same type of information (per-mile cost estimates broken down by conductor size, voltage level, tower material type, tower frame type, and number of circuits). The BPA data set is presented in Appendix A as well.
There are a number of differences between the two data sets. In general, the BPA data set contains per-mile estimates for conductor sizes that are larger than those found in the WAPA data set. The WAPA data are normalized to flat terrain, while the BPA data exist for a variety of terrain types (flat, rolling, 50/50 [half rolling and half mountainous], and mountainous). The WAPA data set contains a separate table with additional cost components, expressed as percentages of principal contracts, that are intended to be added on to the per-mile figures shown (which are for principal contracts only) to arrive at total project cost. These additional cost components include planning, environmental, field data, land and rights, design and specifications, other contracts, and construction supervision. The BPA data have three of these cost components built into the per-mile estimates: field data, design and specifications, and principal contracts.
An additional difference between the data sets is the approach for estimating the cost of land and land rights. This component is estimated as a percentage of principal contracts for the WAPA data, while fixed prices based on nght-af-way width and geographic location are provided with the BPA data. Similarly, a range of costs is provided for the BPA data for environmental assessments, whereas this is one of the cost components expressed as a percentage of principal contracts for the WAPA data. Lastly, the per-mile figures contained in the raw BPA data set are expressed in 1993 dollars; those in the WAPA data set are in 1994 dollars.
Appendix A also contains transmission line cost data collected by FERC from investor-owned utilities for transmission lines constructed in 1992 (EIA 1994). Whereas the BPA and WAPA data represent federal power marketing agency costs, the FERC data covers costs incurred by private utilities. In addition, the BPA and WAPA data sets are based on experience in the Western United States, while the FERC data represent utilities from across the country.
The FERC data include Itland," "structure," and "conductor" cost components, and the corresponding line length and voltage level, but the data do not specify detailed design parameters such as conductor size, number of circuits, or frame type. Therefore, the BPA and WAPA data sets were used to develop the composite data set; the FERC data were used for comparison purposes only. FERC staff indicated that while the intention is to collect data that includes all costs associated with transmission line construction, the data collection forms do not explicitly describe what is to be included with or excluded from each component. For comparison purposes, "land" was presumed to include land, land rights, and environmental costs, while all other costs were assumed to be included in the structure and conductor components.
Composite Database
Several steps were taken to create a composite database from the BPA and WAPA data. These steps are outlined below, and the resulting composite database is presented in Appendix B. These data appear in Appendix B in two formats: as a table of the complete data set, and in tables with the data grouped by tower frame type, tower material type, and the number of circuits.
Each entry in the two databases was adjusted to reflect a common scope of hardware and services, and a common price year. For the BPA data, the per-mile dollar values were adjusted to 1994 dollars, using the Gross Domestic Product (GDP) implicit price deflator. The per-mile figures for the BPA data set were also adjusted to represent what the cost would have been for each configuration if it had been installed on flat terrain, using the appropriate terrain multiplier from the WAPA data set. For the WAPA data set, the original per-mile costs were increased to reflect the following components included in the BPA estimates: field data, design and specifications, and other contracts. These costs were added based on fixed percentages of principal contracts (the reference per-mile figures given in the WAPA data set), using percentages midway between the high and the low percentage figures provided with the WAPA data set. The next step in creating a composite database was to generate per-mile estimates for each combination of parameters (voltage level, number of circuits, tower frame type, and tower material type) from the BPA and WAPA data that resulted in a l'smooth'' progr&sion of per-mile cost with increasing conductor size. This was accomplished by fitting a line to the data using least squares regression techniques, with conductor size as the independent variable, and cost per-mile as the dependant variable. An example of this process appears in. Figure 1 . The example shown in Figure 1 is for 115-kV, single circuit, wood H-frame lines. Appendix B contains per-mile estimates from the composite database for various combinations of design parameters.
Neither the BPA or WAPA data sets included estimated costs for 765-kV transmission lines. The cost estimated for this voltage level was extrapolated from the existing data using the following approach. First, the mean cost per mile was calculated by voltage level, using the composite data set. These data appear in Table 1 . The. data for 1 15-kV, 230-kV, 345-kV, and 500-kV transmission lines were extrapolated via linear regression, yielding an estimated average cost of $782,000 per mile at 765-kV. As noted previously, 'the composite database figures do not include land, environmental, planning, or construction supervision costs. These costs are estimated separately, based on a percentage of the composite database cost per-mile figure, using percentages. suggested by WAPA.
Alternatively, the land and environmental costs could be estimated using the fixed costs suggested by BPA. The specific land and environmental 'estimating rules of thumb suggested by WAPA and BPA are presented in Appendix B. Using these two approaches will yield slightly different results, as illustrated in the example below. Note that the per-mile estimates appearing in the composite database are for flat terrain. The appropriate terrain multiplier must be used for a given installation. The example shows how to calculate the total project cost for a given installation. iikthi. xotai pioject cost for a ti.:all:oE.$hese.data; thiswould serve . .
Environmental, land, planning, and construction supervision costs are now added. Using the WAPA approach, a.percentage of the reference cost-per-mile. is added to account for these factors. With 6.5% for environmental, 5.5% for land, 0.75% for planning, and 7.5% for construction supervision, the grand total.project cost would be $4,834,000.
Using the BPA approach, fixed values for environmental and land costs are added. A mid-range price for environmental costs is $50,000. For a 125-ft right-of-way through a non-urban area (averaging the Oregon and Washington values), the land cost would be $25,750 per-mile, or $51 5,000 for 20 miles. Adding in planning and construction supervision costs using the same percentages as with the WAPA approach, the grand total project cost would be $4,9 17,000.
An additional step is necessary to estimate the cost of transmission line installations less than 20 miles in length. Figure 2 shows the line length multiplier curve recommended by WAPA. The reference cost for a given configuration is multiplied by the value given by the curve for the length of the line. This is done prior to adding on environmental, land, planning, and construction supervision costs. The use of this curve is illustrated in the example below. 
.
Using the same configuration as before, with a. transmission 1ine:only 10 miles long, the reference cost from Appendix R is stili .4183,000. Using Figure 2 , the line length multiplier for a 1 0-mile line is.l.7. Therefore, the modified reference cost is.. $31 1,100. For rolling terrain, this would be multiplied by 1 .l to obtain 6342,220 per mile. For 10 miles, the total cost would be $3,422,100.
Adding in environmental; land, planning, and:construction~~supervision costs as before yields a grand total project cast of $4,115,000-using-the WAPA approach, or $4,012,000 using the BPA approach. The FERC cost data were updated to 1994 dollars using the GDP implicit price deflator to be consistent with the composite data set. In addition, the per-mile costs of lines less than 20 miles long were multiplied by the appropriate value (line length factor) from Figure 2 . The adjusted FERC data are presented in Appendix C for each utility. The table in Appendix C compares the adjusted structure and conductor cost for each line from the FERC data set to the range of values estimated by the composite @PA and WAPA) data set for the same voltage level. A comparison of the FERC and composite data reveals that a few installations had per-mile costs outside of the corresponding composite data set range. However, the median of the FERC values for each voltage level lies within the composite data set range, as shown in Table 2 . Note that the range of values from the composite data set is. driven by explicit variations in design configurations, while the FERC data set range results from unspecified configurations that are likely different. Therefore, the results of the comparison must be used cautiously.
FERC
An examination of "land" costs reported in the FERC data set revealed a median cost equal to 13 % of the combined structure and conductor cost. This is consistent with the WAPA guideline (9-15 X) for estimating land and environmental costs as a fraction of hardware-related costs, assuming that the FERC "land" component includes environmental-related costs as well as land and right-of-way costs, as was discussed in the Data Sources Section.
Land and environmental costs are extremely site-specific. Additional data collection and analysis of these two cost components would clarify the variability that exists. However, BPA, WAPA, and FERC data all indicate that land and environmental costs, on average, represent less than 20 % of the total cost. Therefore, further analysis of these two cost components should probably be tempered.
Comparison of FERC and composite @PA and WAPA) data sets identified no significant differences. Therefore, the composite data set appears to be a reasonable proxy for estimating national average transmission line costs. In Table 3 , the average cost per-mile by voltage level (from Table 1 ) was first multiplied by 1.1 to adjust to rolling terrain, and then multiplied by the number of miles NERC estimates to be added by 2002. Land, environmental, planning, and construction supervision costs are added to the base cost figures using the average percentage multipliers (5.5%, 6.5%, 0.75%, and 7.5 %, respectively) suggested by WAPA. This yields the grand totals shown.
Transmission Line Additions -Circuit Miles Additions up to 2002, based on rolling terrain.
. Source: North American Electric Reliability Council 
Conclusions and Recommendations
Current transmission line stock and projected capacity additions are usually measured by the number of miles at each of the principal voltage levels. Therefore, the composite database and discussions of transmission line costs are focused on this design variable. However, the other cost drivers included in the BPA and WAPA data sets, namely conductor size, terrain type, tower frame type, tower material type, and number of circuits, could also have been used as classification variables to group per-mile costs. In particular, conductor size would appear to be the single most significant cost driver. The result is that reported costs per mile for a given voltage level vary significantly, but can be explained by these additional design variables, if they are known.
The BPA and WAPA data sets employed in this analysis both represent transmission line costs incurred by federal power marketing agencies in the Western United States. No significant differences were identified when these data sets were compared to the FERC data collected from hvestor-owned utilities from across the country. Therefore, the composite data set appears to be a reasonable proxy for estimating national average costs.
The extremely site-specific nature of environmental and land (right-of-way) costs make it very difficult to estimate the costs for these components in a generalized manner. Additional data collection and analysis of the costs for these two components would develop a better understanding of the variability that exists. However, BPA, WAPA, and FERC data indicate that these two components typically combine to less than 20% of the total cost, so only a modest analytical effort is recommended. This appendiT contains the composite data set generated as described in the report. The first table contains the entire data set together; the subsequent tables contain the same data organized by specific design configurations. To arrive at an estimate for total project cost, look up the composite cost in either of these tables for the configuration of interest. Then, refer to the final two pages in this appendix, which contain the additional costs (terrain factor, line length factor, land, environmental, planning, and construction supervision) that must be added to the composite per-mile cost to arrive at a total project cost. For land and environmental costs, both the Bonneville Power Administration (BPA) and the Western Area Power Administration (WAI?A) approaches are provided. 
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